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Topics to be Covered

B BT, WG R  OGSR RGP g e W T N RS RSP e

Rotation + Matter = Current : how to understand
0 Puzzle and Answer
0 Polarization surrounding a Blackhole

Technical Difficulties
0 Necessity to impose a boundary condition (Mameda)

Electron Vortices
0 Mode decomposed analysis — Chiral Magnetic Effect
0 Unphysical divergences

Angular Momenta of Magnetic Vortices

0 Theoretically and experimentally ideal objects to treat
the Orbital Angular Momenta
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ROTATION + MATTER
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Rotation-induced Current

Bt G, G QN AT e Qb N SRR S Db, Y

Js = (matter with T2, 4%, ...) @

Rotation can be introduced by the coordinate transformation:

X — XCOSwt—ysinwt

y — yCcoswt+ xsinwt

If Js was zero at w=0, how is the current induced by rotation?

Vector (tensor) transformations do not change zero to nonzero.
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Rotation-induced Current

G et R IR AR Y SR BOG e RN T R T, SN0
Flachi-Fukushima (2018)

L1
708 ™ 9672

2
GHVPAFQVB (aprﬁa)\ + §Fﬁpgr0@)\)

This is not a tensor

Rotation induces an extra term:

5Fx0y — —5Fy()x — W

W
4872

.jgs — (}{OwOw'+'}%Oy0y'_'}%mywy _'}%ywyw)

Can be interpreted as a physical current for a given @
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Rotation-induced Current
ﬂ%*@ﬁ%‘%&%‘%&%*@ﬂ%%@mﬂ m%‘k@m@#‘*ﬁmﬁ'%&%*@m%%@mﬁ

Axial-current (polarization) Flachi-Fukushima (2018)
surrounding the Kerr metric

(t, 7, x = cosB, ¢)
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Local polarization? (Implication to QGP physics?)
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TECHNICAL DIFFICULTIES
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Theoretical Formulation

ARt e G BRGNP 0GRt N 0GR R R e

Chen-Fukushima-Huang-

[i/y'u(DH + FM) o m] w =0 -Mameda (2016)
Fp = T Whiig ’

Wyij = Japes (Ope; +I‘5# e’;)

. 1
]

o = 2]
=ey=e;=1 ¢g=yo e =-xw

H rot — H—wJ ~| Rotation ~ Density
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Theoretical Formulation

Pyt e PRt R e e IR bt e R e RGN I

Vilenkin (1980) Here,

i =(£2779) _ 1)1 | (23)

Note that 7, has a

larity, however, il is the Bose-Einstein distribution for a rotating
cannot have size g| system,’ r=1, — 7,, the upper and lower lines in

city at the boundary would exceed the velocity of light),
and in a finite system the energy is quantized in such
a way that w is always greater than mQ. (There are
some exceptions in which the field has exponentially
growing modes. See Ref. 6.) As an example, consider
an infinite cylinder of radius R rotating around its ax-
is. Requiring that ¥ vanishes at the boundary, we find
the energy levels Wp,p = O?+pu2+ £, 2R 2172 where Emn
is the nth root of J,,(x). It can be shown (Ref. 7) that
Emn>m. Thus, wWy,,> £E.,R"1>mQ. Inthe present
paper we shall assume that the lowest energy modes
are unimportant and thus the infinite-space solutions
(17) can be used. | |
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Theoretical Formulation

Pyt e PRt R e e IR bt e R e RGN I

Vilenkin (1980) Here,
‘Note that 7n,,, has a singularity atw= mQ\. “This singu- (23)
larity, however, is unphysical. A rotating system rotating

cannot have size greater than Q-1 (otherwise the velo~ | lines in

city at the boundary would exceed the velocity of light),
and in a finite system the energy is quantized in such
a way that w is always greater than mQ. (There are
some exceptions in which the field has exponentially
growing modes. See Ref. 6.) As an example, consider
an infinite cylinder of radius R rotating around its ax-
is. Requiring that ¥ vanishes at the boundary, we find
the energy levels Wp,p = O?+pu2+ £, 2R 2172 where Emn
is the nth root of J,,(x). It can be shown (Ref. 7) that
Emn>m. Thus, wWy,,> £E.,R"1>mQ. Inthe present
paper we shall assume that the lowest energy modes
are unimportant and thus the infinite-space solutions
(17) can be used. | |
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Theoretical Formulation

B g Rt PGt PGt g g ey IRe e IReR ey NGt N0

Is it really possible to change the QCD vacuum
just by rotation ???
The answer is negative (nontrivial for fermions)

Ebihara-Fukushima-Mameda (2017)

Causality System size should be finite ~ R
WwR < 1 Energy dispersion should be gapped ~ J/R

Induced chemical potential ~ wJ

Gap is always bigger than the energy shift
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Where 1s difficulty?

G ot GO OGO G RGO SN R n gt OGNt Gt G RGN, NN
* * * *

There are lots of calculations on
the phase diagram under magnetic fields.

There are already some calculations on
the phase diagram under rotations.

Why no calculations involving both???

Naive calculations contaminated by
unphysical divergences...
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ELECTRON VORTICES
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Mode Solutions

ot WO R RGN g 0GR RGN, WP RGN W RGN, W
Fukushima-Shimazaki-Wang (2020)
) u (M

g n,l,k(r7 ©, 2, 1)
A ( (5(T) + m)(bn,l(X27 Sp) \
_iE(T) L ttikz
— € " O
(T) R o kq)n,l(x27 90)

/[ B[ +1+2) B i1 (X2 0))

n' 1.2 .
®, (x> _ —2X" U2y pile
(X%, ) \/(n+\ll)! e 2% XLy (x7) e
Polarized wave-function with angular momentum /
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Mode Solutions

G et R IR AR Y SR BOG e RN T R T, SN0

s-wave density

d-wave density

3 2-1 01 2 3 32 -1 01 2 3
xk xk
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Mode Solutions

G ot GO OGO G RGO SN R n gt OGNt Gt G RGN, NN

) ! —(1 —(J
p=3 o+ o2

279

_ (1) (4) (1) ~(4)
p5 = iﬂ . (Psmike + Pomik ¥ Ponik T Psnlk

In the same way, the vector and the axial-vector
currents are also mode decomposed... then...
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Mode Solutions

AR WO R g R R OGP WO SRR R SN S

Fukushima-Shimazaki-Wang (2020)

z(1) _ (1) 2(4) _ ()
Inik = Psnik> Inik = "Psn,lk
~z(1) _ (1) ~z(1) _ =)
Ini k= Psnlk> Inik = Psn,lk

These relations hold mode-by-mode.
No such relations for the axial-vector current!

This is the mode-decomposed origin of CME.

Cannot be seen without mode decomposition.
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Applications

E0 N N S SN N T TR S S T N R TS

Fukushima-Shimazaki-Wang (2020)

spin spin ‘ B‘
3 ; 1 f wle
J.<0 J.>0 Pspin = A2

electron positron Hattori-Yin (2016)

Mechanism ~ Thouless pumping (Floquet theory)
AN
N A N
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Applications

BRGNS 0GR SN, i RGN, i RGN,

Fukushima-Shimazaki-Wang (2020)

1 27 |€B| SJ_|€B|/(27T)
= _(SL |€B|)

[ —ew )

J >0
S, |leB|/(2m)

1
o > (1 3)

B
= _wleB| + (orbital part).

Thermodynamically unstable!?

Finite-size effects must be considered! (Talk by Mameda)
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Applications

Gt Gt OGN G N, SN ARGt G SN G e, e

Fukushima-Shimazaki-Wang (2020)
Axial-vector current in the LLL approximation:

. 1 —Sl|eB|/(27r)
]5,LLL:S_[ f—H(WJ + 1 — |kl
1 J <0
Sl|eB|/(27r)
J - A
J >0
leB| ,
(w 21 )?er Unphysical

Finite-size effects must be considered! (Talk by Mameda)
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MAGNETIC VORTICES
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Magnetic Vortices

BRGNS 0GR SN, i RGN, i RGN,

Fukushima-Hidaka-Yee: 2011.xxxxx

Angular momentum of supertluid vortex is u
topological, but that of magnetic vortex is not. & |

dimensionless static potential (~ E)

o

(1—a)¥ +—(V —ien,A)*V — |U|°T =0

My
V x (V x A) +mi | A|Y[|* — > : (TVUt — \If’fw)] =0
e,
m2
Via+2m*—(|¥* +§) = 0
My \

electric charge density
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Magnetic Vortices

BRGNS 0GR SN, i RGN, i RGN,

Fukushima-Hidaka-Yee: 2011.xxxxx

1
(1—a)V + —(V —ien A>T — |UPT =0
my

V x (V x A)+m; [A|\11\2 — (TVOh — \Iﬂv\p)] =0

2en,

m2 Global Neutralit
V2a + 2m2 L (|T)* + §) = 0 Do e
M /q=—/f2
Vortex Solution ® ®
: v :1:9
U = ive - Al = — 1—h
fryes,  fa=a(r) e - )]

Electric fields from local charge density

Nov.12, 2020 @ Moscow Online 24



Magnetic Vortices

BRGNS 0GR SN, i RGN, i RGN,

Fukushima-Hidaka-Yee: 2011.xxxxx

L;an:/UszT(ga¢)¢:y(2wh)§/ORdrer(r):uhN

Canonical angular momentum looks a quantized AM
of superfluid vortex...?

[kin — /{BwT(g Dgp)lﬂ: y(27rﬁ)§ /OR drrh(r) f(r)

Belinfante gives a smaller value...?
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Vortex Profiles

Magnetic Vortices

BRGNS 0GR SN, i RGN, i RGN,
Fukushima-Hidaka-Yee: 2011.xxxxx

v =[G )u = venn)” | Cdrrh(r) £

0
LM = / x x (E x B)], A%:ncel out
" R

_ —y(27rh)§ /O drr h(r) [f2(r) + 4(r)]

Finite AM remains from
the background charge
needed for neutrality
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Magnetic Vortices

ARt e G BRGNP 0GRt N 0GR R R e
Fukushima-Hidaka-Yee: 2011.xxxxx
Relativistic Nielsen-Olesen vortices

Vortices exist in the vacuum (zero chemical potential)

Neutral Nielsen-Olesen Vortex

Antiparticle D Particle
Antivortex Vortex

Relativistic vortices do not carry any angular momentum.

Nov.12, 2020 @ Moscow Online 27



Magnetic Vortices

Fukushima-Hidaka-Yee: 2011.xxxxx TOpOlogical Insulator

62

H_ _© o wap
J Smh ‘ ve

2 2
€ 9 €

167T2h(1)0 - 8n2h

Lzz/w[mx(ExB)}z:/w(V-E)A@—/A@(E-dS)

2
¢ Nogueira-Nussinov-

2
167w2h -van den Brink (2018)

;5
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Classification

ARt e G BRGNP 0GRt N 0GR R R e

Fukushima-Hidaka-Yee: 2011.xxxxx

Magnetic vortices carry a finite angular momentum
Class Ia (spinful vortices)

Class Ib (topological vortices)

Magnetic vortices carry zero angular momentum

Class II (spinless vortices)

Vortices are twisted with “intrinsic” angular momentum

Class III (exotic vortices) [Abraham’s vortex]
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Summary

ARt e G BRGNP 0GRt N 0GR R R e

P Rotation + B makes rich phase structures!
0 Phenomenologically important

P Finite size systems with boundary are crucial!
0 Unphysical divergences cured by finite size
0 Calculations cumbersome with many special funcs.

P Mode decomposed analysis very useful!
0 More differential information on CME, CSE, CVE,...

B Magnetic vortex is a well-defined object!
0 Boundary 1s imposed physically
0 Electromagnetic contributions to the angular momenta
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